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Abstract 
In this study, an LPG fumigation system was fitted to a Euro III compression ignition (CI) 
engine to explore its impact on performance, and gaseous and particulate emissions.  LPG 
was introduced to the intake air stream (as a secondary fuel) by using a low pressure fuel 
injector situated upstream of the turbocharger.  LPG substitutions were test mode dependent, 
but varied in the range of 14-29% by energy.  The engine was tested over a 5 point test cycle 
using ultra low sulphur diesel (ULSD), and a low and high LPG substitution at each test 
mode.  The results show that LPG fumigation coerces the combustion into pre-mixed mode, 
as increases in the peak combustion pressure (and the rate of pressure rise) were observed in 
most tests.  The emissions results show decreases in nitric oxide (NO) and particulate matter 
(PM2.5) emissions; however, very significant increases in carbon monoxide (CO) and 
hydrocarbon (HC) emissions were observed.  A more detailed investigation of the particulate 
emissions showed that the number of particles emitted was reduced with LPG fumigation at 
all test settings – apart from mode 6 of the ECE R49 test cycle.  Furthermore, the particles 
emitted generally had a slightly larger median diameter with LPG fumigation, and had a 
smaller semi-volatile fraction relative to ULSD.  Overall, the results show that with some 
modifications, LPG fumigation systems could be used to extend ULSD supplies without 
adversely impacting on engine performance and emissions. 
Keywords: liquefied petroleum gas, fumigation, engine performance, gaseous emissions, 
particulate emissions 
1. Introduction 
Alternative fuels have recently attracted considerable attention to ensure energy security, and 
also due to their potential role in improving ambient air quality and mitigating global 
warming [1, 2].  Recent research has applied a variety of alternative fuels such as: biofuels, 
synthetic diesel, and hydrogen, in an attempt to satisfy these three requirements [3, 4].  
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Whilst biofuels are an attractive option due to their potentially renewable nature, the 
economics of production of conventional biofuels are not favourable compared to other 
alternatives – especially when the costs involving feedstock collection are considered [5].  
Clearly, the alternative fuels industry needs to build confidence from fuels that perform well 
without adding considerable cost to the consumer.  Although not a renewable fuel, liquefied 
petroleum gas (LPG) is a low cost alternative fuel that might meet these needs; albeit 
temporarily. 
 
Whilst LPG is a common fuel type used in spark ignition engines, and enjoys a degree of 
popularity in taxi fleets; LPG can be used to fuel compression ignition engines (CI) as well, 
despite its low cetane number (relative to ultra low sulphur diesel).  There are three main 
approaches documented in the mechanical engineering literature describing how to utilise 
LPG in CI engines.  One approach involves adding, or fumigating, LPG to the intake air 
stream using low pressure fuel injectors [6, 7].  The fumigation approach has a long tradition 
in mechanical engineering, with fumigation of a gaseous fuel into the intake air stream dating 
back to the pioneering work conducted by Cave in 1929 and Helmore and Sokes in 1930 [8].  
Another approach involves direct injection of LPG into the combustion chamber, where it is 
customary to add a cetane number enhancer (such as di-tert-butyl peroxide) and a lubricity 
additive (such as a long-chain alkyl ester) to enable neat LPG operation [9, 10].  A third 
approach involves spark assisted compression ignition; which is a less commonly explored 
approach in the literature [11].  If this approach is used, the compression ratio of the CI 
engine is usually lowered to prevent unstable combustion [12].  Note that it should be also 
possible to undertake dual-injection of LPG and diesel into the combustion chamber; 
however, this approach appears not to have been explored in the LPG-diesel literature.  This 
could be a by-product of the cost and complexity associated with this approach.  In this study, 
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intake manifold fumigation of LPG is considered, as this technology can be implemented in a 
CI engine with relatively minimal engine modifications, and can thus be viewed as a first step 
in reducing diesel fuel consumption. 
 
A significant factor to take into account with alternative fuels is the emissions performance of 
an engine.  From an emissions perspective, there are several properties of LPG that could 
help to reduce gaseous and particulate emissions.  Relative to neat diesel, LPG has a high 
hydrogen-to-carbon ratio, which coupled with its aromatics and sulphur free composition (see 
Table 3), could play a role in reducing the mass and number of particulates emitted by an 
engine.  This potential reduction in particulate emissions is because high carbon-to-hydrogen 
ratios and high sulphur content are both acknowledged particulates precursors [13].  LPG also 
has lower life-cycle CO2 emissions per unit of distance travelled (g/km) than ULSD and 
biodiesel trans-esterified from certain feedstocks [14].  Therefore, a strong argument exists in 
the literature to explore LPG fumigation as a low cost method to offset diesel fuel 
consumption with potential emissions benefits. 
 
Whilst regulated emissions (PM, NOx, CO, HC) have received considerable research 
attention since the first CI engine emissions standards were implemented in 1988 [15], recent 
research has explored the properties of particulate emissions in much greater detail.  Whilst 
the mass of particulates emitted by a test engine has been used as a regulatory metric for quite 
some time, present Euro VI emissions standards require that a particle number limit be met as 
well [16].  The exploration of different measures, or metrics, for characterising diesel 
particulate matter (DPM) emissions is largely motivated by attempting to understand the 
causative agents of health effects related to particulate emissions [17]. 
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In addition to DPM mass and particle number metrics, a large amount of research has pointed 
to particle size, and also surface area, as potential metrics that influence adverse 
cardiovascular and respiratory health effects upon inhalation of particles [18-20].  
Furthermore, recent research has suggested that the presence of an organic layer on the 
surface of DPM is an important factor to take into account when assessing its likely health 
effects upon inhalation [21-23].  Taking these factors into account, it is thus the objective of 
this study to explore the gaseous and particulate emissions with LPG fumigation, with a 
particular emphasis on the particulate emissions profile.  In addition to reporting DPM mass 
emissions, particle number size distributions are measured, and by heating particles with a 
thermodenuder, the presence of an adsorbed organic layer on particles can be detected.  
Collectively, the measurements of engine performance, and gaseous and particulate pollutants 
conducted in this study provide much greater insight into the nature of LPG fumigation 
emissions. 
2. Methodology 
2.1 Engine testing procedure 
In the current study, a performance, and emissions characterisation was performed on an LPG 
fumigated compression ignition engine.  Specifications for the test engine can be found in 
Table 1.  Note that raw exhaust emissions, with no after-treatment (i.e. no DPF, SCR or 
DOC), was measured in all tests.  The dynamometer is a Dynolog version 4.039 
manufactured by Dynolog Inc. The load cell is an STS-2k-B10 water brake by Sun Scale Inc. 
The diesel fuel flow rate was measured by a TRIMEC MG0065511-211 flow meter (± 1% of 
reading). The LPG flow rate was calculated by measuring the weight difference of the LPG 
cylinder before and after the test. The flow rates of engine oil, engine coolant, and 
calorimeter coolant were measured by a TRIMEC MP040S211-311 flow meter (± 0.5% of 
reading), an ABB FXL 5000 flow meter (± 3% of reading), and a GPI TM Series 100 flow 
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meter (± 3% of reading), respectively. All the temperature readings were measured with K 
type thermocouples. 
 
Ultra low sulphur diesel (< 10 ppm sulphur) was used as the base-line fuel, in addition to a 
low and high LPG substitution at each test mode.  LPG was introduced to the intake air 
stream upstream of the turbocharger as a gas, which enabled the turbocharger to be used as a 
mixing device.  A consequence of the fumigation approach is that this system could be fitted 
to any turbocharged CI engine which makes the potential market, globally, quite large. 
Consequently, a homogeneous LPG-air mixture was inducted into each cylinder.  The overall 
LPG substitution was changed by varying the time duration for which the LPG injector was 
open, and also the LPG injection frequency.   
 
The engine was tested over a 5 point test cycle using modes that have high weighting from 
the ECE R49 test cycle (see Table 2).  The ECE R49 test cycle consists of a 13 point test 
cycle conducted at intermediate speed, rated speed, in addition to a low speed idle condition 
[24].  The modes for this test cycle are expressed in terms of the engines crankshaft speed 
(revolutions per minute (rpm)) and the percentage (%) of rated torque (load).  All 3 fuel types 
were tested at each mode, with the measurements being conducted in replicate on a separate 
day.  Before the start of each steady state 5 point test cycle, the test engine undertook a 30 
minute warm-up under moderate load.  The engine was then taken to the first mode of the test 
cycle, where testing did not commence until the exhaust, coolant, lubricating oil, and CO2 
emissions stabilised.  For subsequent test modes, the same engine stabilisation criteria were 
applied. 
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In addition to LPG fumigation experiments, further tests were conducted with the test engine 
to enable a thermal balance to be calculated for the 5 modes listed in Table 2 with ULSD.  
The total heat supply from the fuel, brake power, cooling water losses, exhaust gas losses, 
and lubricating oil losses were calculated using an approach similar to Ajav et al. [25].  Note 
that the exhaust gas heat loss calculation covers a temperature range from its maximum after 
the turbocharger down to its minimum at the ambient temperature (about 23 °C). 
Consequently, the higher heating value was used in calculating total heat supply by the fuel, 
as the heat release due to condensation of water vapour was considered in the analysis. 
 
Figure 1 presents the percentages of brake power, cooling water loss, exhaust gases loss, 
lubricating oil loss, and other heat losses. It can be seen from Figure 1 that as the load 
increases from mode 3 to 4 and 6 at 1500 rpm, the brake power percentage (which is the 
same as thermal efficiency) increases; while other losses due to cooling water, exhaust gases, 
and lubricating oil all decrease. At the same time, the other un-accountable heat losses 
increase, partly due to the increase of radiant heat from the engine. The same trend can also 
be observed from mode 10 to 8 at 2500 rpm, except that heat losses from the exhaust gas 
increase. The highest exhaust gas loss percentage occurs at mode 8 (i.e. 100% load at 2500 
rpm) and is due to the inefficiency of the calorimeter heat exchanger which gives a high 
exhaust gas temperature downstream of the calorimeter (201.9 oC).  Comparison between the 
intermediate speed (1500 rpm) and rated speeds (2500 rpm) at a fixed load percentage shows 
that as the engine speed increases, the lubricating oil losses increase, and both the cooling 
water and other losses percentage decrease. However, the thermal efficiency and the exhaust 
gases loss decrease at 50% load but increase at 100% load. 
2.2 Emissions measurement methodology 
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An Andros 6600/6800 Gas Bench was used to measure CO, NO, and HC emissions directly 
from the exhaust with a sampling frequency of 1 Hz.  Note that NO2 measurements were not 
obtained in this study.  PM2.5 emissions were measured with a TSI 8520 Dust-Trak 
positioned after an ejector diluter (Dekati, Tampere, Finland) employing a 30 second 
averaging window.  The purpose of the ejector diluter was used to reduce the concentration 
and temperature of the exhaust gas sample to a level suitable for particulate emissions 
measurements.  Particle number size distributions were measured after the ejector diluter with 
a Scanning Mobility Particle Sizer (SMPS) consisting of custom-made classifiers, with 
particle counting being achieved with a TSI 3010 CPC.  A three minute scan time was used 
for the SMPS measurements and at least 5 scans were recorded at each setting; with replicate 
measurements being conducted on a separate day.  Furthermore, the particle number size 
distributions were simultaneously measured with and without heating from a TSI 3065 
thermodenuder (TD) set to 300 oC.  The TD used in this study consists of a short heating 
tube, followed by an annular bed of activated charcoal to adsorb any evaporated material.  
The charcoal bed also helps to prevent the re-condensation of evaporated material as the 
particles cool during transit from the heated section.  The two SMPS systems used in this 
experiment sampled both upstream and downstream of the TD in a simultaneous manner.   
 
Additionally, CO2 was used as a tracer gas to calculate dilution ratios.  This was achieved by 
conducting CO2 measurements in an alternate manner (by switching the flow with a 3-way 
valve) from the raw exhaust and after the ejector diluter.  Particle measurements were made 
with dilution ratios ranging from 11.6-17.7 and dilution air temperatures between 21.6-23.9 
oC.  The residence time of particles between the exhaust and sampling equipment was less 
than one second.  A diagram of the experimental set-up for engine performance and 
emissions measurements may be found in Figure 2. 
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2.3 In-cylinder pressure data 
In-cylinder pressure data was collected using a Kistler (6053CC60) piezoelectric pressure 
transducer which was installed in cylinder one, and crank-angle information was obtained 
from a crank-angle sensor with 360 degrees of angular resolution.  The data was sampled at 
200 kHz using a Data Translation (DT9832) analogue-to-digital converter (ADC) and 
National Instruments LabView for periods of 10 seconds. At each setting data were collected 
5 times to provide an estimate of maximum pressure (MPa) and the maximum rate of 
pressure rise (MPa/deg).  Calculations of the net rate of heat release were performed using the 
conservation of energy method described by Heywood [26] (as shown in equation 1): 
𝑑𝑄𝑛
𝑑𝜃
=  𝛾
𝛾−1
𝑝
𝑑𝑉
𝑑𝜃
+ 1
𝛾−1
𝑉
𝑑𝑝
𝑑𝑡
,  (1) 
where: Qn is net heat release, θ is crank angle, γ is the ratio of specific heats, p is in-cylinder 
pressure, V is in-cylinder volume and t is time.  Note that secondary heat losses to the wall 
and blow-by losses were neglected in this analysis. 
 
All the data processing was performed in Mathworks Matlab. 
2.4 Data analysis 
The emissions factors for NO and CO were calculated according to SAE Standard J177 [27], 
whilst HC emissions factors were calculated using SAE J215 [28].  For NO emissions, a 
“wet” chemistry correction was applied, a technique which is outlined in SAE Standard J177.  
The PM2.5 measurements recorded with the Dust-Trak were converted to a gravimetric 
reading using the tapered element oscillating microbalance to Dust-Trak relationship obtained 
by Jamriska et al. [29]  for DPM.  All emissions factors for the regulated pollutants were 
calculated with units of g/kWh. 
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All particle number size distributions were corrected for dilution, as the raw exhaust particle 
number size distribution is the quantity of interest for each test setting.  Dilution ratios (𝐷𝑅) 
were calculated using the following formula: 
𝐷𝑅 = 𝐶𝑂2,𝐸𝑥ℎ𝑎𝑢𝑠𝑡 − 𝐶𝑂2,𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑𝐶𝑂2,𝑆𝑎𝑚𝑝𝑙𝑒 − 𝐶𝑂2,𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 ,  
where: 𝐶𝑂2,𝐸𝑥ℎ𝑎𝑢𝑠𝑡 is the raw exhaust CO2 concentration, 𝐶𝑂2,𝑆𝑎𝑚𝑝𝑙𝑒 is the CO2 
concentration after the first stage of dilution, and 𝐶𝑂2,𝐵𝑎𝑐𝑘𝑔𝑟𝑜𝑢𝑛𝑑 is the laboratory 
background CO2 reading obtained before the start of each 5 point test cycle. 
For the heated particles, an extra correction factor (in addition to correcting for dilution) was 
applied for diffusional losses in the TD using dried sodium chloride (NaCl) particles 
produced by an atomiser.  The TD loss correction function was obtained by alternately 
measuring the NaCl particle number size distribution both upstream and downstream of the 
TD set to 300 oC.  The flow was switched by a three-way valve enabling the proportion of 
particles lost (𝜂𝑙𝑜𝑠𝑠) to be calculated using: 𝜂𝑙𝑜𝑠𝑠 = (1 − 𝑃𝑁𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚𝑃𝑁𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 ), where 𝑃𝑁 denotes 
particle number concentration.   
 
DPM is usually composed of constituents (such as organics, sulphates, nitrates, or 
ammoniated sulphates) that are “volatile”; a term which is used to describe the evaporation of 
a particular substance upon heating [17, 30, 31].  Given that ULSD (sulphur content < 10 
ppm) was the base fuel used in testing, the components which evaporate from DPM upon 
heating are most likely to be organic.  Therefore, measuring raw (without TD) and heated 
(with TD) particle number size distributions enabled the organic volume percentage of 
particles (𝑉𝑂𝑅𝐺) to be computed.  Since DPM has an agglomerated fractal-like 
morphology[13] this factor needs to be taken into account when calculating the volume of 
organic material that volatilises upon heating.  A relationship published by Lall and 
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Friedlander [32] was used to estimate the volume of a DPM aggregrate.  Assuming a primary 
particle diameter of 15 nm, the ratio of the volume of an aggregrate (𝑉𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒) to that of a 
sphere (𝑉𝑠𝑝ℎ𝑒𝑟𝑒) with the same electrical mobility diameter (𝑑𝑚) is given by the power law 
relationship (R2=0.998):  𝑉𝑎𝑔𝑔𝑟𝑒𝑔𝑎𝑡𝑒
𝑉𝑠𝑝ℎ𝑒𝑟𝑒
= 95.275𝑑𝑚−1.299. 
To calculate 𝑉𝑂𝑅𝐺 the aggregate volume volatilised upon heating (i.e. the difference between 
the unheated and heated aggregate volume) was divided by the aggregate volume of unheated  
particles via: 
𝑉𝑂𝑅𝐺 = 100 �𝑉𝑢𝑛ℎ𝑒𝑎𝑡𝑒𝑑 − 𝑉ℎ𝑒𝑎𝑡𝑒𝑑𝑉𝑢𝑛ℎ𝑒𝑎𝑡𝑒𝑑 � = 100 �𝑉𝑣𝑜𝑙𝑎𝑡𝑖𝑙𝑖𝑠𝑒𝑑𝑉𝑢𝑛ℎ𝑒𝑎𝑡𝑒𝑑 �, (2) 
where: 𝑉𝑢𝑛ℎ𝑒𝑎𝑡𝑒𝑑 is the unheated (i.e. no TD) aggregate volume, and 𝑉ℎ𝑒𝑎𝑡𝑒𝑑 is the heated 
(i.e. with TD) aggregate volume. 
 
Furthermore, assuming that particles are spherical, and are internally mixed with organic 
material, it can be shown that a cubic polynomial needs to be solved to calculate the organic 
layer thickness via: 
Λ3 − 3𝑑𝐶𝑀𝐷Λ2 + 3𝑑𝐶𝑀𝐷2 Λ − 𝑉𝑂𝑅𝐺100 𝑑𝐶𝑀𝐷3 = 0, (3) 
where: 𝛿 = Λ 2⁄  is the organic layer thickness, and 𝑑𝐶𝑀𝐷 is the count median diameter for 
unheated particles. 
 
For internal combustion engines, the air-fuel equivalence ratio (λ) (or relative air-fuel ratio) is 
defined as the ratio of the actual air-fuel ratio to the stoichiometric air-fuel ratio [26].  The 
following chemical equation describes complete combustion for a hydrocarbon and propane: 
𝐶𝑥𝐻𝑦 + 𝛼𝐶3𝐻8 + 𝛽(𝑂2 + 3.773𝑁2) → (𝑥 + 3𝛼)𝐶𝑂2 + 1 2� (𝑦 + 8𝛼)𝐻2𝑂 + 3.773𝛽𝑁2, (4) 
where: 
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𝛼 is the number of moles of LPG consumed per mole of diesel,  
and 𝛽 = �𝑦+4𝑥+20𝛼
4
 � is a co-efficient that makes (4) balance. 
Given that the LPG used in this engine testing campaign was composed of about 97 % 
propane, equation (4) may be used to calculate the air-fuel equivalence ratio for dual-fuel 
combustion of diesel and LPG via: 
 
𝜆 = �𝐴 𝐹� �𝑎𝑐𝑡𝑢𝑎𝑙
�𝐴 𝐹� �𝑠𝑡𝑜𝑖𝑐ℎ𝑖𝑜𝑚𝑒𝑡𝑟𝑖𝑐
= �𝐴 𝐹� �𝑎𝑐𝑡𝑢𝑎𝑙 � 34.56 × [𝑦 + 4𝑥 + 20𝛼]𝛼(3 × 12.011 + 8 × 1.008) + 12.011𝑥 + 1.008𝑦� .�  
 
All the emissions factors, particle size distributions, and volume organic fractions (𝑉𝑂𝑅𝐺) are 
reported as the mean value ± one standard error of the mean (i.e. the uncertainty associated 
with run-to-run variability) in order to provide information regarding experimental 
uncertainties. 
 
Statistical analyses were performed to test whether fuel type (i.e. ULSD, low LPG and high 
LPG) and mode (i.e. the five modes tested from the ECE R-49 test cycle) led to changes in 
the measured emissions profiles.  A Multivariate Analysis of Variance (MANCOVA) was 
performed in R (V 2.14.2) using the stats package using fuel type and mode as factors. 
3. Results and Discussion 
Table 4 provides summary performance data on fuel consumption, the LPG substitution 
percentage, the air-fuel equivalence ratio, brake thermal efficiency, the count median 
diameter of particles (measured with the SMPS), and also the maximum pressure, and 
maximum pressure rise rate during testing over the 5 point test cycle for all 3 fuel types.  The 
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LPG substitution percentage is the percentage of total energy input into the engine which is 
provided by LPG.  Table 4 shows that with increasing LPG substitutions, brake thermal 
efficiency improves at mode 8 (100% load at 2500 rpm), it stays constant at mode 6 (100% 
load at 1500 rpm); however, it decreases at the other three test modes. 
 
Figure 3 shows results for the net heat release rate calculations using (1).  It is evident that 
LPG fumigation had only a minimal effect at mode 3; however, at mode 6 there is evidence 
that the ignition delay period is greatly reduced at the high LPG substitution. This reduced 
ignition delay period is consistent with ethanol fumigation results derived from the same 
engine [33].  In addition, fumigating LPG has resulted in a well defined pre-mixed 
combustion phase, a feature that is typically not as clear under neat diesel operation. The 
increased pre-mixed combustion phase has resulted in a greater peak in-cylinder pressure, 
compared to the neat diesel case; this is true even though the maximum heat release rate for 
neat diesel is higher because of late combustion (after TDC). 
 
Figure 4 displays the regulated emissions results over the 5 point test cycle for all 3 fuel 
types.  Overall, the regulated emissions results show a strong dependency on both mode 
number and fuel type.  Reductions in PM2.5 and NO emissions generally occur, along with 
significant increases in CO and HC emissions. 
 
For PM2.5 emissions, low and high LPG substitutions lead to decreases in this pollutant for all 
modes except mode 6.  PM2.5 decreases with a low LPG substitution range from 18%-32% 
(for modes 3 and 8), and range from 8%-43% with a high LPG substitution (modes 4 and 3).  
At mode 6, PM2.5 increases are 33% for a low LPG substitution, and 45% for a high LPG 
substitution. 
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LPG fumigation is responsible for reducing particle matter emissions because of its fuel 
properties, and the manner in which the fuel is delivered to the test engine.  In terms of fuel 
chemistry (see Table 3), LPG has a higher hydrogen-to-carbon ratio and is aromatics and 
sulphur free (compared to USLD).  Fuels with high levels of aromatics and sulphur that also 
have high carbon-to-hydrogen ratios are acknowledged as precursors for the production of 
PM emissions [13].  Therefore, based solely on fuel chemistry considerations, a reduction in 
the PM emissions would be expected with LPG fumigation.  Secondly, with LPG fumigation, 
the secondary fuel is pre-mixed in the turbocharger; therefore, the secondary fuel is delivered 
in a homogenous form.  Given that air-fuel in-homogeneities are the primary cause of PM 
emissions [2], it would be expected that having a pre-mixed charge would help to suppress 
particle emissions as is observed in this investigation. 
 
Whilst a reduction in PM2.5 emissions was achieved at most modes, an increase was observed 
at mode 6.  In terms of finding an explanation for this result; note from Table 4 that the air-
fuel equivalence ratio is reduced from 0.98 with ULSD, through to 0.94 with a low LPG 
substitution, reaching a minimum of 0.88 with a high LPG substitution.  At mode 6, we can 
observe that the combustion environment is made increasingly fuel-rich as the LPG 
substitution is increased.  With λ values considerably less than unity, fuel-rich regions are 
guaranteed; which is a reason behind the PM2.5 increases at this mode.  Note that these 
differences are numerical (and not statistically significant) as the p-value for the relationship 
between PM2.5 and fuel type is 0.75. 
 
NO emissions are significantly reduced over the 5 point test cycle with LPG fumigation 
(p=2.8   10-5), except at mode 8.  With a low LPG substitution, NO reductions range from 16-
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55%, and with a high LPG substitution reductions range from 27-57% (modes 10 and 3, 
respectively).  At mode 8, an NO increase of 6% occurred with a low LPG substitution, 
whilst no change in NO emissions was observed with a high LPG substitution.   
Since NO emissions involve the oxidation of molecular nitrogen at high temperature [2], the 
most likely explanation for the reduction in NO emissions is a temperature-based effect.  A 
recent study conducted by Bodisco and Brown [33] on the same research engine using 
ethanol fumigation provides some useful clues for describing the NO emissions results in the 
current work.  This modern common rail engine has a very late diesel injection timing which 
is typical of such engines.  At full load, Bodisco and Brown [33] found that even though peak 
pressures and pressure rise rates were increased with ethanol fumigation, the ignition delay 
was reduced and the timing of the peak pressure was several degrees after TDC in fumigation 
mode.  These results and those at other loads are largely due to ULSD injection events 
occurring near TDC, which is an injection strategy that is not typically used in other 
fumigation studies because they utilised engines with direct mechanical injection.  
Alternatively, at half load peak pressure and pressure rise rates were increased with ethanol 
fumigation but these parameters did not show a monotonically increasing relationship with 
respect to the ethanol fumigation percentage.  In addition, the ignition delay was increased 
with ethanol fumigation and the timing of the peak pressure (for the dominant mode in a 
multi-modal distribution) was very close to TDC.  At higher loads, these results suggest that 
NO emission reductions are possible as the timing of the peak pressure is well after TDC, 
even though the peak pressure and pressure rise rate are higher.  Conversely at lower loads, 
the ignition delay does increase with the addition of a fumigant; however, peak pressure 
modes are still observed several degrees after TDC.  These results are a little counter-
intuitive, but can be explained by more closely interrogating in-cylinder pressure parameters 
as performed by Bodisco and Brown [33]. 
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With LPG fumigation, CO and HC emissions are increased in a statistically significant 
fashion (CO, p=6.0 x 10-8; HC p=0.01); especially at lower load settings.  With a low LPG 
substitution, CO emissions increases range from a 5-fold increase at mode 6, to a 62-fold 
increase at mode 10; whilst HC emissions range from no change at mode 8 to a 298-fold 
increase at mode 3.  With a high LPG substitution, CO emissions range from a 7-fold 
increase at mode 6, to a 77-fold increase at mode 10, whilst HC emissions range from a 9% 
decrease at mode 6 to a 472-fold increase at mode 3.  Another clear pattern to emerge from 
this dataset is the load-dependent nature of the CO and HC emissions, with high load 
conditions greatly reducing both of these two pollutants compared to partial load conditions. 
 
There are several reasons for the rather drastic increases in CO and HC emissions with LPG 
fumigation.  The first factor worth mentioning is that the test engine emissions start from a 
very low baseline for CO and HCs.  To illustrate, the test-cycle averaged Euro III standard for 
CO and HC emissions are 2.1 and 0.66 g/kWh, respectively; however, CO emissions are 
always less than 0.55 g/kWh and HC emissions are always less than 2.7 × 10-3 g/kWh for 
ULSD.  Therefore, the relative change in CO and HC emissions are compared to a baseline 
value (i.e. for ULSD) that is exceedingly small.  To elaborate on this point, CO and HC 
emissions from CI engines fuelled with ULSD are reaching a point where any further attempt 
to reduce these pollutants starts to become an impractical exercise [34]. 
 
Another explanation for the large increases in CO and HC emissions relates to the 
development of “richer” fuel-air mixtures with LPG fumigation.  Both of these pollutants 
require excess air to be available to enable their oxidation to complete combustion products 
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(λ > 1).  With LPG fumigation, the excess air-fuel equivalence ratio is reduced, which leads 
to increases in CO and HC emissions. 
Another factor (and perhaps the most important one) that is responsible for the rather large 
increases in CO and HC  emissions relates to the distribution of the secondary fuel mixture in 
the combustion chamber.  Secondary fuel (i.e. LPG) is pre-mixed with air in the intake 
manifold and is subsequently inducted into each cylinder during the compression stroke.  
This leads to a secondary fuel mixture that is distributed across the whole combustion 
chamber.  The primary fuel (i.e. ULSD) is used as a “pilot” to initiate combustion for the 
secondary fuel.  This process lends itself to increased CO and HC emissions as the diesel 
flame is quenched (or extinguished) before it propagates to the extremities of the combustion 
chamber where secondary fuel mixture is located.  Flame quenching has also been implicated 
in increased CO and HC emissions with ethanol [35] fumigation, and it is highly likely that 
the same mechanism is in operation with LPG fumigation. 
 
A performance and emissions study conducted on a CI engine with LPG-diesel blends has 
been undertaken by Qi et al. [36].  Note that in the study of Qi et al. [36], LPG-diesel blends 
were directly injected into the combustion chamber.  Similar to the current study using 
fumigation, Qi et al. [36] observed large reductions in NOx and smoke emissions with the use 
of LPG blends.  NOx reductions were attributed to the large latent heat of vaporisation for 
diesel-blended-LPG and smoke opacity reductions were attributed to the improved 
atomisation characteristics of LPG-diesel sprays.  Qi et al. [36] observed mixed trends (with 
respect to load) for CO emissions with reductions at high load and increases at lower load.  
They also mostly observed increases in HC emissions as was the case in the current study.  
The emissions results in this study are therefore generally consistent with Qi et al; however, it 
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is important to note that their study was conducted on LPG-diesel blends and not LPG 
fumigation. 
Figure 5 displays the particle number size distributions for all three fuel types over the five 
point test cycle.  The most noticeable result is the reduction in the number of particles emitted 
at all test modes (except mode 6) with LPG fumigation compared to that with ULSD.  
Furthermore, the reduction in the number of particles emitted generally exhibits a monotonic 
trend with respect to the level of LPG fumigation (i.e. larger LPG substitutions yield greater 
particle number reductions).  Particle number reductions with low LPG substitution range 
from 27% at mode 4, to 45% at mode 10, whilst the reductions with high LPG substitution 
range from 17% at mode 4 to 53% at mode 10.  Particle number increases are observed at 
mode 6 (where λ <1), with increases of 9% with low LPG, and 4% with high LPG being 
observed.  Note that the reasoning provided for the reduction in PM emissions is also 
applicable for explaining the reduction in particle number emissions with LPG fumigation.  It 
must be kept in mind; however, that these differences are numerical as the effect of fuel type 
on particle number is not statistically significant (p=0.36). 
 
Additionally, it can be observed from the particle number size distributions (Figure 5 and 
Table 4) that the CMD of particles does not change significantly with LPG fumigation.  The 
CMD of particles are slightly larger with both low and high LPG substitutions at modes 4, 6, 
and 10.  The CMD increases range from 4-8 % with low LPG substitutions (modes 4 and 10) 
and range from 3-8% with high LPG substitutions (modes 10 and 4).  CMD decreases with 
the low LPG substitution range from no change (Mode 3) to a 7% decrease (Mode 8), and 
with the high LPG substitution from a 2% decrease (Mode 3) to a 10% decrease (Mode 8).  
Despite some small numerical differences, there is no statistical change in the particles CMD 
with LPG fumigation (p=0.71).  This can be viewed as a positive result, as smaller particles 
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would more readily deposit in the alveolar region of the lung and to cause adverse health 
effects [37]. 
Recent research has highlighted the importance of an adsorbed or condensed organic layer on 
the DPM particle surface; a term referred to as internal mixing.  Indeed, there are several 
studies reporting that the organic fraction of DPM is implicated in initiating an inflammatory 
response for inhaled particles once deposited in human lung cells ([21-23] and references 
therein).  More recently, by using a compact time of flight aerosol mass spectrometer, 
Stevanovic et al. [38] attributed the presence of oxygenated organic aerosol to the oxidative 
potential (a health response related to inflammation) of DPM.  Inflammation is a precursor to 
a range of adverse cardiovascular and respiratory diseases such as: chronic obstructive 
pulmonary disease, asthma, bronchitis, and cancer; therefore, monitoring the organic fraction 
of DPM (potentially) gives important insights into their likely health effects. 
 
Figure 6 presents 𝑉𝑂𝑅𝐺 for all three fuel settings over the five point test cycle.  𝑉𝑂𝑅𝐺 lies in a 
range from 6-22 % for all tests considered, and there is not an effect on 𝑉𝑂𝑅𝐺 with respect to 
mode number (p=0.21) or fuel type (p=0.54).  The fact that 𝑉𝑂𝑅𝐺does not increase with LPG 
can be viewed as a positive finding since a recent investigation by the authors [39] has shown 
large increases in 𝑉𝑂𝑅𝐺 (by around 200%) with 80% biodiesel fuels mixed with 20% ULSD 
for a range of different feedstocks (i.e. soy, tallow, and canola).  With oxygenated fuels (such 
as biodiesel) organics can coat accumulation mode particles which is undesirable from a 
health effects perspective [23, 40]; however, this problem is not encountered with LPG 
fumigation. 
 
Using (3), the organic layer thickness (𝛿) was calculated, with thicknesses ranging from 0.5-
1.0 nm for all tests.  The mean organic thickness for each fuel type (averaged over the five 
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point test cycle) was 0.77 nm for ULSD, 0.75 nm for low LPG, and 0.64 nm for high LPG.  
Thus, calculation of 𝛿 provides further evidence for that there is no increase in the organic 
coating on accumulation mode particles with LPG fumigation.  As for other studies, 
Giechaskiel et al. [17] reported 𝛿 values of 0.1-0.4 nm for a range of Euro III light duty diesel 
engines.  The study conducted by Giechaskiel et al. [17] used a higher dilution ratio (which 
will shift organics to the gas phase) than that used in the current study; therefore the 𝛿 values 
obtained in this study seem reasonable. 
4. Conclusions 
In this study an LPG fumigation system has been fitted to a Euro III CI engine to explore its 
impact on engine performance, and gaseous and particulate emissions.  In LPG fumigation 
mode, the combustion is characterised by a higher maximum pressure (and maximum rate of 
pressure rise) which is indicative of an increased ignition delay due to using a low cetane 
number fumigant.  LPG fumigation decreases NO emissions, leads to no change in PM and 
particle number emissions, however, extremely large increases in CO and HC emissions were 
observed.  To achieve a reduction in all four regulated pollutants for CI engines, it is 
recommended that an oxidation catalyst (which is used in most modern engines) be fitted to 
the exhaust for the purpose of reducing CO and HC emissions.  Furthermore, the organic 
volume fraction of DPM was not increased with increasing LPG substitution, which is a very 
favourable result from a health effects perspective.  Future LPG fumigation systems should 
also explore closed-loop air-fuel ratio control to ensure that λ is maintained above 1; a 
condition that was not met for the tests conducted at mode 6.  Closed-loop λ control would 
assist in improving the particulate emissions profile under higher load conditions. 
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Table 1: Test engine specifications. 
Item  Specification 
Model  Cummins ISBe220 31  
Cylinders  6 in-line  
Capacity (L)  5.9  
Bore × Stroke (mm)  102 × 120  
Maximum power (kW/rpm)  162/2500  
Maximum torque (Nm/rpm)  820/1500  
Compression ratio  17.3  
Aspiration  Turbocharged (wastegated) & aftercooled  
Emissions certification Euro III  
After-treatment Nil 
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Table 2: 5 point test cycle details. 
ECE R49 mode number Speed (rpm) Load (%) 
3  1500 25 
4  1500 50 
6  1500 100 
8  2500 100 
10 2500 50 
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Table 3: Fuel properties. 
Property  ULSD LPG 
Density (kg/L) 0.838 0.51 
Lower heating value (MJ/kg) 42.8 46.4 
Higher heating value (MJ/kg) 45.5 50.4 
Latent heat of vaporisation (kJ/kg) 230 426 
Aromatics content (% volume) 24.4 0 
Polycyclic aromatic hydrocarbons (% volume) 2.9 0 
Stoichiometric air-fuel ratio (-) 14.5 15.7 
Hydrogen-to-carbon ratio (-) 1.7 2.67 
Ethane (% volume) - 1.6 
Propane (% volume) - 97.1 
Butane (% volume) - 1.3 
Flash point (o C) 74.8 -104 
Cetane number  55.8 5 
Sulphur content (mg/kg)  6.1 < 1 
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Figure 1: Thermal balance of the test engine operating on ULSD. 
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Figure 2: A diagram showing the experimental configuration used in this study. 
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Table 4: Engine performance data for the LPG fumigation experiments. 
Engine 
speed 
(rpm) 
Engine  
load 
(%) 
Engine 
load  
BMEP 
(MPa) 
ECE 
R49 
mode 
number 
LPG 
fumigation 
percentage (%) 
?̇?𝐷𝑖𝑒𝑠𝑒𝑙  
(kg/h) 
 
?̇?𝐿𝑃𝐺 
(kg/h) 
 
Air-fuel 
equivalence 
ratio  
(λ) 
Brake 
thermal 
efficiency 
(%) 
Count 
median 
diameter 
(nm) 
Maximum 
pressure 
rise rate 
(MPa/deg) 
Maximum 
pressure 
(MPa) 
1500 25 0.356 3 0 8.0 0 2.05 32.2 47.8 0.118 6.6 
1500 25 0.356 3 22.1 6.4 1.7 1.76 29.5 47.8 0.541 6.7 
1500 25 0.356 3 29.2 6.0 2.3 1.74 28.9 47.1 0.521 6.6 
1500 50 0.717 4 0 13.8 0 1.39 35.4 44.9 0.109 7.7 
1500 50 0.717 4 17.7 11.9 2.4 1.21 33.9 46.8 0.352 8.4 
1500 50 0.717 4 27.0 10.4 3.6 1.19 33.0 48.3 0.330 8.1 
1500 100 1.446 6 0 27.5 0 0.98 35.8 50.8 0.365 12.9 
1500 100 1.446 6 14.1 23.5 3.6 0.94 35.7 54.2 0.391 13.5 
1500 100 1.446 6 23.7 20.6 6.0 0.88 35.6 54.1 0.919 15.2 
2500 100 1.117 8 0 33.7 0 1.10 37.4 35.7 0.146 16.8 
2500 100 1.117 8 14.0 29.4 4.4 1.08 37.4 33.3 0.145 20.1 
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2500 100 1.117 8 16.7 26.7 4.9 1.03 39.2 32.0 0.810 20.9 
2500 50 0.570 10 0 18.3 0 1.73 34.5 34.5 0.658 12.5 
2500 50 0.570 0 23.4 15.6 4.4 1.59 31.6 37.5 0.669 15.4 
2500 50 0.570 10 26.1 14.5 5.0 1.48 32.6 35.7 0.674 15.6 
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Figure 3: Net heat release rate (J/degree) diagrams at mode 6 (top panel) and mode 3 (bottom 
panel) for all 3 fuel types. 
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Figure 4: Brake-specific PM2.5, NO, CO, and HC emissions over the 5 point test cycle for all 
3 fuel types (neat diesel, low LPG, and High LPG).  Top left panel: brake-specific PM2.5 
emissions, top right panel: brake-specific NO emissions, bottom left panel: brake-specific CO 
emissions, bottom right panel: brake-specific HC emissions. 
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Figure 5: Particle number size distributions (measured before the thermodenuder) for the five 
point test cycle for all three fuel types. Top left panel: mode 3, top right panel: mode 4, 
middle left panel: mode 6, middle right panel: mode 8, bottom left panel: mode 10.  Bottom 
right panel: size dependent losses for the thermodenuder using NaCl particles. 
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Figure 6: Organic volume percentage of particles (𝑉𝑂𝑅𝐺) over the 5 point test cycle for all 3 
fuel types. 
